New mutants of Neurospora crassa having the ufa phenotype have been isolated. Two of these mutants, like previously identified ufa mutants, require an unsaturated fatty acid for growth and are almost completely blocked in the de now0 synthesis of unsaturated fatty acids. The new mutations map to a different chromosomal location than previously characterized ufa mutations. This implies that at least one additional genetic locus controls the synthesis of unsaturated fatty acids in Neurospora.
INTRODUCTION
The fatty acid components of membrane and storage lipids are primary determinants of lipid properties. Both fatty acid chain length and degree of unsaturation affect the packing structure, as well as interactions with other lipids and with water, thus determining such properties as membrane fluidity and the melting temperature of triglyceride-based oils. Sixteen-and 18-carbon fatty acids having different degrees of unsaturation are phylogenetically widespread and occur in both membrane lipids, i.e. phospholipids and glycolipids, and in triglycerides. The most widely studied biosynthetic pathway of the 18-carbon unsaturated fatty acids begins with stearate (18: 0), which is desaturated first to oleate (18: 1A9), then successively to the polyunsaturates alinoleate (18 : 2A9' 12) and a-linolenate (18 : 3A9. l 2 , 15). Mammals, which are unable to synthesize a-linoleate or alinolenate, require these fatty acids in the diet. Only plants and certain micro-organisms (cyanobacteria, algae, some bacteria, fungi and protozoa) are able to complete the de novo synthesis of a-linolenic acid (Fulco, 1977 ; Heinz, Mutants in biochemical pathways have proven invaluable for understanding the regulation of the pathways and, more recently, for gene isolation. The stearoyl CoA desaturase gene from the yeast Saccharomy-es cerevisirre was isolated by complementation of a mutant (ole7) blocked in the synthesis of oleate (Stukey e t al., 1990) . Sacchammy-es, 1993) . Abbreviations: DG, diacylglyceride; FAME, fatty acid methyl ester; PC, phosphatidylcholine; PE, phosphatidylethanolamine; TG, triacylglyceride; 16:0, palmiticacid; 18:0, stearicacid; 18: 1, oleic acid; 18:2, a-linoleic acid; 18:3, a-linolenic acid.
however, does not synthesize polyunsaturated fatty acids. The filamentous fungus Neurospora crassa is both well characterized genetically and has the ability to synthesize each of the fatty acids in the desaturation pathway leading to a-linolenate. Mutants affecting the synthesis of membrane lipids, such as phospholipids and sterols (Scarborough & Nyc, 1967; Grindle, 1973) , and the elongation and desaturation of fatty acids (Lein & Lein, 1949; Henry & Keith, 1971; Scott, 1977a) have been isolated and characterized. The previously described desaturation mutants, designated ufa, require oleic acid or another unsaturated fatty acid for growth, and lack the ability to synthesize all unsaturated fatty acids. Stocks of the original ufa mutants (Lein & Lein, 1949) have been lost (Scott, 1977a) ; later isolates (Scott, 1977a) , whose fatty acid synthesis abilities were characterized (Scott, 1977b) , have also been lost (Perkins & Pollard, 1987) . Another uja mutant, presumably a reisolate from the same locus (Perkins & Pollard, 1987) , is available (Fungal Genetics Stock Center). Mutants defective in the desaturation of oleate or linoleate have not been described.
Mutants defective in the synthesis of linoleic acid have been isolated from the cyanobacterium Sjnechoc3ystis PCC6803 (Wada & Murata, 1989) by exploiting the ability of cold treatment to increase the endogenous level of and the demand for polyunsaturated fatty acids. Using a requirement of linolenic acid for growth at cold temperatures, we have similarly isolated several Neurospo ra mutants with a1 t e red synthesis of un sa t u rated fatty acids. Included among these are two mutants with the ufa phenotype, which map to a different chromosomal location than that of the strain currently designated uja. Here, we provide comparative information on fatty acid composition, synthesis and desaturation in these strains IP: 54.70.40.11
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under conditions which will allow comparison with other mutants affecting the desaturation pathway.
Fatty acid enrichment. Unsaturated fatty acids for routine culture medium supplementation were purified from saponified oils (high-oleic safflower and flax seed oils) by the standard method of urea fractionation (Gunstone, 1967 (Davis & deSerres, 1970 ) with 1.5% (w/v) sucrose. Plating medium for colony growth was synthetic crossing medium with 0.01 % (w/v) glucose and 1 YO (w/v) sorbose in place of sucrose (Davis & deSerres, 1970) . Fatty acid supplementation for all media was 1 mM oleic or a-linolenic acid with 1 YO (v/v) of the detergent Tergitol NP40.
Heterokaryon tests for allelism (Davis & deSerres, 1970) were on solid VMN. Crosses for preliminary genetic mapping were to the linkage tester strain alcy;csp. Crosses were made by inoculating a l c y ; csp as female parent onto slants of synthetic crossing medium supplemented with 1 YO Tergitol NP40 and 5 mM oleic acid. Mutant conidia were applied as heterokaryons with the mating helper strain am' ad-3B cyh-1 (Perkins, 1984) . Progeny ascospores were scored on unsupplemented VMN as described by Davis & deSerres (1970) . Mutagenesis, selection and screening of unsaturated fatty acid mutants. Wild-type conidia, suspended in tubes of sterile water at a density of 2 x lo7 ml-', were mutagenized by exposurc to y irradiation (60Co source) for 4 h at 10 krad h-l. Irradiated conidia were added to unsupplemented liquid VMN and enriched for mutants by filtration concentration (Davis 8: deSerres, 1970) at 15 "C. Remaining ungerminated conidia werc plated with supplemental linolenic acid and incubated at 15 O C .
Colonies appearing were spot-tested on pairs of gridded plates, one supplemented with linolenic acid, the other with Tergitol NP40 alone. Lines growing only in the presence of linolenic aci'd were identified as potential mutants in the synthesis of unsaturated fatty acids.
Lines which reproducibly required unsaturated fatty acid supplementation (two additional transfers) were further screened for total fatty acid biosynthetic profiles by radiolabelling and analysis as detailed below.
In some subsequent analyses, radiolabel incorporation patterns of identified mutant lines resembled wild type, indicating uptake of label by revertants. To reduce this problem, one of two methods was used prior to radiolabelling : either cultures were inoculated directly from silica stocks, or conidia were first i eenriched for mutants by filtration as above, and treatment with nystatin (Macdonald, 1968) . Mutants were treated with 50 U nystatin ml-' for 3.5 h at room temperature, filtered, resuspended in supplemented medium, and allowed to recover for 18 h.
Radiolabelling and lipid extraction. Putative mutants w t h defects in fatty acid desaturation were screened by incubating them with 37 kBq [14C]acetate (sodium salt, ICN, 1.48-2-22 GBq mmol-'). Label was added to 25 ml liquid-grown cultures after 1-2 d of growth at 15 "C. Cultures were harvested by filtration 24 h after radiolabel addition. The filters plus mycelia were transferred to hot (70 "C) isopropyl alcohol to inactivate lipases (Kates, 1986) . To complete the lipid extraction, the isopropyl alcohol was evaporated under N,, and the mycelia reextracted with 5 ml chloroform/methanol/water [5 : 10 : 4, by vol.; 0.25% (v/v) conc. HCl]. Chloroform and CaC1, (final concentration 1 mM)(1.5 ml each) were added to effect a phase separation, and the lower (chloroform) phase was evaporated under N,. For these samples, the lipids were not further fractionated. Instead, fatty acid methyl esters (FAMEs) of the total extract were prepared for radio-HPLC as described below. Mutants identified by this screening method as defective in the synthesis of all unsaturated fatty acids were selected for further study. For more detailed analysis of the lipid biosynthetic profiles of the . f a mutants, cultures were grown as above with the following modifications. Cultures were incubated at 23 "C and label was added after the extent of mycelial growth was similar to that of the wild type 18 h after inoculation. Cultures were radiolabelled with either 370 MBq [14C]acetate, or 37 MBq [14C]oleate (ICN, 1.1 1-2-22 GBq mmol-'). Cultures were harvested and extracted 24 h later as above, and the extracts fractionated as described below. Chromatographic separation and analysis of lipids. The lipid extracts were dissolved in 2 ml chloroform/acetic acid (100 : 1, v/v) and fractionated on Sep-Pak silica columns (Waters Assoc.) into neutral lipid, glycolipid and phospholipid fractions by the method of Lynch & Steponkus (1987). Fractions were split into two tubes, evaporated and redissolved in chloroform/methanol (1 : 1, v/v). Half of each fraction was used for analysis of glycerolipid fatty acid composition, and half for identification or autoradiography with Kodak X-Omat AR film. Neutral lipids were separated by TLC on silica gel (EM Science 5715) plates with a two-step development : first development two-thirds up the plate in the solvent system chloroform/ methanol/ethanol/glacial acetic acid (98 : 2 : 1 : 0.1 , by vol.), followed by development in hexane/diethyl ether (47 : 3, v/v). Glycolipids were separated by TLC in the solvent system chloroform/methanol/conc. ammonia (13 : 5 : 1, by vol.). Phospholipids were separated by TLC on plates which were first immersed in 100 mM ammonium sulfate and dried for 1.5 h at 120 "C. Phospholipids were applied to the plates in a spotting chamber. Separation was in the solvent system 1-propanol/ chloroform/propanoic acid/O*l YO (w/v) KCl (3 : 2 : 2 : 1, by vol.). Bands containing lipids to be analysed [i.e. triacylglyceride (TG), 1,2-diacylglyceride (DG), phosphatidylcholine (PC) and phosphatidylethanolamine (PE)] were routinely localized by iodine staining. Lipids were identified by comigration with standards in these and other solvent systems, and by specific spray reagents (Kates, 1986) . FAMEs were prepared by adding 5 % (v/v) conc. HC1 in methanol to the lipid residue or scraped band and heating in teflon-capped tubes for 1 h at 100 "C. Methyl esters were extracted three times with hexane. For radio-HPLC analysis, the hexane was evaporated and the FAMEs redissolved in methanol. Separation of FAMEs was on a Waters Assoc. liquid chromatograph, which consisted of two pumps (M510)' a multiwavelength detector (M490), and a data and chromatography control station (M840). The injector was a Rheodyne Model 7125. Separation was by reversed-phase chromatography using a C18 column (Beckman, 5 pm, Ultrasphere ODS packing, 25 cm by 4.6 mm i.d.) ; the eluent was 90% (v/v) methanol at a flow rate of 1.5 ml min-'. Label N. c r a m unsaturated fatty acid synthesis mutants incorporation was measured by a Packard Flo-One/Beta radioactive flow detector. FAMEs were identified by retention times ofstandards, run previously and detected by UV (205 nm). FAMEs dissolved in hexane were also analysed for weight % composition by GLC. FAMEs in the mixtures were identified with a Hewlett-Packard 5880 gas chromatograph equipped with a flame ionization detector and capillary injector system (Hewlett-Packard model 18835B). A fused silica capillary colunin (30 m by 0.25 mm) coated with Stabilwax CW20M (df= 0.25 pm; Restek) was used. Detector and injector temperatures were 280 O C and 260 O C , respectively. The oven temperature was programmed as follows : 80 O C for 1 min, then 80 O C to 180 "C at 25 O C min-l, 180 "C to 240 "C at 5 O C min-l, 240 O C for 10 min, 240 "C to 260 "C at 10 "C min-l, 260 O C for 3 min. Helium was the carrier gas, with splitless injection.
FAMEs were identified by retention times relative to standards and by mass spectrometry with a Hewlett-Packard 5970 quadrupole-based mass selective detector coupled to a HewlettPackard 5790 gas chromatograph. A fused silica capillary column (25 m by 0.2 pm) coated with dimethyl silicone (df= 0.1 pm; HP-1 column) was used to separate FAMEs before introduction into the mass selective detector through a direct capillary interface. Helium was used as carrier gas (1 ml min-') with splitless injection. The initial oven temperature was 60 O C for 1 min, then increased to 140 O C at 25 O C min-l, next to 220 "C at 3 "C min-l, and finally to 280 O C at 5 O C min-l. The injector temperature was 260 O C , and the mass selective detector interface was 280 "C. The mass selective detector was operated mainly in the scan mode with the selected ion monitoring mode reserved for trace amounts of FAMEs. Ionization voltage was fixed at 70 eV, with the ion source operated at the fixed nominal temperature of 250 O C . Identification of peaks was based on comparison to known spectra and retention times.
RESULTS AND DISCUSSION

Mutant selection and genetic mapping
Following y irradiation and filtration enrichment, 17 400 colonies were screened for growth in the presence and absence of linolenic acid. Of these, 36 showed a requirement for unsaturated fatty acid supplementation and were further screened for ability to synthesize fatty acids de nom from [14C]acetate. Based on this assay, 7 of the 36 mutants were blocked in the synthesis of all unsaturated fatty acids. Each of the mutants was unstable, frequently reverting upon subculturing. Of the seven mutants, five showed extremely slow growth, failed to conidiate, and were infertile in attempted crosses. Growth was not improved by supplying oleate, mixtures of unsaturated fatty acids, or oleate esters (Tween 80). The other two mutants, designated GL6 and EH12, grew more slowly than wild type, and on solid medium formed only sparse conidia near the surface of the culture when supplemented with linolenate. Growth was improved when cultures were supplemented with oleate. Cultures most closely resembled the wild type in growth rate and appearance when supplemented with Tween 80 (1 YO, v/v). Both mutants mapped to linkage groups 1/11 in crosses with alcoy;csp. In contrast, the ufa mutant, which shows both a similar growth response and [14C]acetate incorporation pattern, mapped to linkage groups IV/V, in agreement with its published map location on IVR (Perkins & Pollard, 1987) . We selected EH12 and GL6 for further study and comparison to zfa.
In heterokaryon tests of allelism, both strains complemented zfa. In the majority of such tests, GL6 and EH12 complemented each other. Therefore, they appear to be mutations at distinct loci, which we propose designating zfa-3 (GL6) and zfa-4 (EH12). However, since some tests were negative, and interpretation of the tests was complicated by spontaneous reversion, it remains possible that they represent different alleles at the same locus.
Fatty acid synthesis and desaturation
Based on the initial screening, ( [14C]acetate incorporation into total fatty acids at 15 "C), the zfa-type mutants (zfa, EH12 and GL6) readily synthesize palmitic and stearic acids, but are unable to synthesize oleic acid or the polyunsaturates a-linoleic and a-linolenic acid. In more detailed studies, we compared the incorporation of 14C from acetate into individual phospholipids, glycolipids and neutral lipids following fractionation and TLC separation of total lipid extracts. T o facilitate later comparison with mutants defective in the subsequent desaturation steps, cultures were grown with a linolenic acid (87%) supplement at 23 "C.
Phospholipid (five major phosphorus-positive bands) and glycolipid (one major band) incorporation patterns were similar for each of the mutants and the wild type, as indicated by autoradiography (not shown). The neutral lipid incorporation pattern was also similar, except in some experiments the mutants incorporated more label into free fatty acids than did the wild type. The most intensely radiolabelled neutral lipids were generally TG, followed by sterols, sterol esters, D G and free fatty acids. The most intensely labelled phospholipids were PC and PE. Incorporation into glycolipid was less than that into DG. Relative to the incorporation of label into TG, the amount of label incorporated into D G and phospholipids was higher in the mutants (Table l) , and highest for EH12. EH12 also had lower overall incorporation of label into TG, averaging 28% of wild type. This is probably because of a slower growth rate, since the amount of TG produced per culture was similarly low.
Comparison of label incorporation into individual fatty acids of T G was consistent with preliminary screening results, and showed clear differences in the incorporation profiles of wild type and mutant cultures (Fig. la) . Wildtype cultures grown in the presence of linolenic acid at 23 "C had incorporated most of the ['*C]acetate label after 24 h into linoleate and palmitate. The mutant lines, however, incorporated label almost exclusively into palmitate and stearate. The pattern of label incorporation was nearly identical for zlfa and GL6, which incorporated most of the label into stearate, whereas EH12 incorporated most into palmitate.
Without supplementation, the amount of linolenic acid in wild-type Neurospora is temperature-dependent ; under our growing conditions, the wild type accumulates about 8 O h linolenic acid into total mycelial lipids at 23 "C. The exogenous linolenic acid was readily taken up by the cultures and incorporated into lipids, especially TG. Fig.  l(b) compares the TG fatty acid composition of the wild type and mutant lines when supplemented with 1 mM linolenic acid. The majority of the fatty acid in the wild type was that of the supplement, which is predominantly linolenic acid (a lesser enrichment for the linoleic acid in the supplement is also evident from Fig. lb) . The zlfa and GL6 mutants accumulated high levels of palmitate and stearate, as well as the supplement, into TG. In contrast, the EH12 mutant fatty acid profile more closely resembled that of the wild type. Each of the Elfa-type mutants also accumulated about five times the wild-type level of very long-chain fatty acids (20:0, 22:0, 24:O) (Fig. lb) ; the relative ratios of 20 : 0 and 22 : 0 to 24 : 0 fatty acids did not differ from wild type (not shown).
Since phospholipids are important membrane lipids, and PC and DG are also implicated as intermediates in the synthesis of unsaturated fatty-acid-containing T G (Chopra & Khuller, 1984) , we determined the incorporation of acetate-derived label into fatty acids of PC, PE N. crassa unsaturated fatty acid synthesis mutants and 1,2-DG. For PC, which is the presumed substrate for oleate and linoleate desaturation, wild-type cultures grown in the presence of linolenic acid had incorporated most of the label after 24 h into palmitate, and only trace levels into oleate (Fig. 2a) , a pattern which differed markedly from that for T G (Fig. la) . In contrast, the pattern for the mutant lines was similar for PC ( Fig. 2a) and T G (Fig. la) . The EH12 mutant PC incorporation pattern more closely resembled that of the wild type. Comparison of the fatty acid composition of PC (Fig. 2b) among the strains shows similar features to those observed in TG (Fig, lb) ; a difference was that palmitate (16:O) levels in PC were nearly identical for all four strains.
For PE, incorporation profiles were similar to those of PC for each line, except more label was found in palmitate and less in stearate (not shown). Profiles of radiotracer incorporation into 1,2-DG (Fig. 3) indicate a possible difference between the mutants GL6 and ztfa. The GL6 mutant averaged more label incorporation than wild type into palmitate, whereas Hf a averaged lower incorporation (significant at 90 YO). Again, label incorporation into stearate by EH12 was most similar to the wild type.
In each of the lipid classes examined, the @a-type mutants incorporated trace amounts of label into unsaturated fatty acids (Figs la, Za, 3) , which probably indicates a slight phenotypic leakiness, rather than a contribution from a few revertant cells. In some experiments, the TG and label incorporation patterns more closely resembled wild-type patterns than those described above, indicating probable reversion. We did not analyse revertant patterns in detail, but for trfa revertants, the amount of label found in stearate, and its relative percentage, were reduced, and the amount of label in linoleate was increased when compared to its typical pattern. Reversion was also usually suspected on observation of a more rapid growth rate.
The mutants lacked the ability to convert stearic to oleic acid. Their ability to desaturate oleate to polyunsaturated fatty acids was tested by labelling total lipids with [14C]oleate. The wild type desaturated oleate to a-linoleate and to a-linolenate. (Fig. 4) . The ztfa mutant also further desaturated oleate, and produced more labelled linolenate than did the wild type. GL6, like ztfa, produced more linolenate than the wild type, and also desaturated more oleate to linoleate. EH12, however, was impaired in the ability to desaturate oleate to linoleate and linoleate to linolenate, since it produced proportionally less at each step than did the wild type. In preliminary characterization, autoradiographic profiles of [ 14C]oleate incorporation into neutral and phospholipids were similar for mutants and wild type (not shown), although oleate incorporation into phospholipids was low for the mutant EH12.
Comparison with previously identified ufa mutants
In a description of the fatty acid biosynthetic characteristics of the ztfa-I and zifa-2 mutants, Scott (1977b) noted that the fatty acid supplement used to support their growth affects lipid composition, but still allows differences in composition and desaturation of glycerolipids relative to wild type to be observed. In particular, both neutral and phospholipid composition of supplemented strains are enriched for the unsaturated fatty acid used as supplement, as was observed here (Figs  la, 2a) . Differences in the relative proportion of fatty acids are also affected by temperature (Chopra & Khuller, 1984) . The wild type fatty acid composition which we observed at 23 O C was lower in palmitate, oleate, and linoleate, and higher in linolenate than reported at 34 "C by Scott (1 977b) under similar supplementation conditions. The previously described zlfa-I and zlfa-2 mutants, like the mutants we studied here, lacked detectable stearate desaturase activity in vivo (Scott, 1977b) , and lacked activity in vitro (Gabrielides e t al., 1982) , but had the ability to desaturate [14C]oleate supplied from the growth medium (Scott, 1977b) . Scott also noted that the zlfa-I and zfa-2 mutants (except for one zfa-2 allele, TR221) converted more labelled oleate to polyunsaturates than did the wild type. Scott used oleate as unsaturated fatty acid supplement. We observed the same effect in the zl$i and GL6 mutants with linolenic acid as supplement (Fig.  4) . Several possible explanations could account for the observed higher conversion of labelled oleate by these mutants. One possibility is that the effect observed is one of isotope dilution: oleate pool sizes may be larger in the wild type, as suggested by the higher relative percentage linoleate and linolenate in T G and PC (Figs la, 2a) . A related possibility is that the oleate synthesized by the wild type in vivo is present in the form of a more readily desaturated lipid, and effectively represents an alternative pool that is preferentially used by Nezlrospora crassa. A third possibility is that the levels of substrates and products, which differ as mentioned above (Figs la, :!a) regulate activity of the desaturases. In wild-type Nezlrospora, excess substrate stimulates stearate desaturase activity in microsomes, and unsaturated products inhibit it (Gabrielides et al., 1982) . In Saccharomyes, similar controls operate, with fatty acid composition affecting OLE I transcription, OLE1 mRNA levels, and stearate desaturase activity (McDonough e t al., 1992) . The wild type, as noted, contains a higher percentage of polyunsaturates in PC, and also incorporates proportionally less [l*C]acetate-derived label into PC than the mutants (Table 1) . Each of these explanations could account for the higher level of labelled oleate desaturation observed for zlfa and GL6 vs. the wild type. The third mutant, EH12, which is impaired in all three desaturation steps (Fig. 4) , may carry a mutation affecting a component common to each desaturation, for example, a protein participating in electron transport. The reduced level of oleate desaturation by this mutant was similar to that of the earlier exceptional %fa-2 allele TR221 (Scott, 197713) . A similar pleiotropic effect was also noted in a later report of the .fa-I and zlfa-2 mutants. In addition to lacking stearate desaturase activity, zlfa-I was reported to have partial and zlfa-2 complete absence of oleate desaturase activity in isolated microsomes (Gabrielides et al., 1982) . It is not clear why results were different: with these mutants when oleate desaturase activities were examined in vivo (Scott, 1977b) and in vitro (Gabrielides e t al., 1982) . The two mutants zlfa-I and zlfa-2 are phenotypically related to those studied here and have been lost (Perkins & Pollard, 1987) , probably as a result of strong selection against the mutants. These mutants both mapped to chromosome IV or V (Perkins et al., 1982) . [FA-I, represented by a single isolate, appeared to have been a distinct locus from U F A -2 , based on complementation tests. The zlfa mutant is probably a reisolate at one of these loci. The two zlfa-type mutants that we have isolated map to a different chromosome (I or 11) than does zlfa (IVR) (Perkins & Pollard, 1987) , indicating that at least three loci control the synthesis of unsaturated fatty acids in Nezlrospora. Mutations at any of these loci can abolish the synthesis of unsaturated fatty acids.
The neutral and phospholipid composition (Figs l b , 2b) and [14C]acetate incorporation (Figs la, 2a, 3) profiles of the mutants z l f a and GL6 are similar to those of the .fa-I and zfa-2 mutants (Scott, 1977b) , relative to wild type. EH12 profiles, in contrast, again are most similar to those of the TR221 allele of zlfa-2 (Scott, 1977b) . Like EH12, some of its profiles were similar to wild type, and in cases where its profile differed from wild type, it still had a profile distinct from that of .fa-I and the other ?fa-2 alleles. Distinct alleles at any of three (or more) loci can yield the same growth requirement, and yet alter fatty acid profiles in two distinct patterns relative to wild type. Of note, the Saccharomyces ole1 mutant profiles relative to its wild type (Stukey etal., 1989) most closely resemble those of the zlfa, GL6lzlfa-I , zlfa-2 class, whereas the Aspergillzls niger UFA, mutant profiles (Chattopadhyay e t al., 1985) most resemble those of the EH12/TR221 class. Both of these mutants have been assumed to be stearate desaturase mutants. The existence of at least three distinct types of zlfa mutants in Neurospora with similar fatty acid biosynthetic profiles raises the question of which mutation is in the structural gene for the stearate desaturase, and what is the biochemical basis of the other mutations.
Essentiality of unsaturated fatty acids for normal growth
Mutations at these loci lead to a phenotypic requirement of unsaturated fatty acid for growth. For each of the strains, suboptimal supplementation of unsaturated fatty acids caused slowed growth and defective development, including reduced fertility. Mutations eliminating unsaturated fatty acid biosynthesis in other organisms have been reported to have similar effects on growth rate and also to affect mitochondrial function. For example, one of the Aspergillus zlfa mutants appears to be a stearate desaturase mutant ; other zlfa mutants have reduced respiration rates (Chattopadhyay et al., 1985) . In J'. cerevisiae, several unsaturated fatty-acid-requiring (ole) mutants have been isolated. One of these mutations (olel) is in the structural gene for the stearate desaturase (Stukey e t al., 1989); for other ole mutations, the primary defect is in the biosynthesis of ergosterol (Resnick & Mortimer, 1966) or of cytochromes (Bard e t al., 1974) , which are involved in the formation of both ergosterol and oleic acid. These unsaturated fatty-acid-or ergosterol-requiring strains are reportedly coisolated at a high frequency with petites (Resnick & Mortimer, 1966) , i.e. strains defective in mitochondrial function. In Saccharomyes, an interdependence of normal mitochondrial function and the synthesis of ergosterol and of oleic acid is known (Parks, 1978) . Interestingly, the phenotype of a temperaturesensitive allele of the OLE1 gene, encoding the N. crassa unsaturated fatty acid synthesis mutants desaturase, shows that it is involved in mitochondrial inheritance (Stewart & Yaffe, 1991) . In plants too, defective growth can be observed : an Arabidopsis thaliana mutant with a high stearate content in leaves and seeds has a dwarf phenotype (Lightner et al., 1993) . The evident requirement for a supply of unsaturated fatty acids to allow proper mitochondrial function and to allow normal growth and development probably explains the strong selection pressure for revertants under suboptimal culture conditions.
Implications for selection of TG with desired properties
Each of the seven Netrospora mutants with the t f a phenotype that we isolated was unstable. We had expected to isolate some non-reverting mutants since mutagenesis was with y irradiation, which can cause deletions. Loss of mutant cultures as a result of reversion has been described for h7etlrospora zlfa mutants (Scott, 1977a; Perkins e t al., 19821 , the Saccbaromyces ole7 mutant (Stukey e t al., 1989) and Apiotrichzlm cwvattm t f a mutants (Ykema e t al., 1990) . In the case of Saccharomyces, non-reverting ole1 mutants were obtained by disruption of the wild-type OLE7 gene (Stukey et al., 1989) . In the case of the oleaginous yeast Apiotrzcbum, however, each mutant line had a characteristic pattern of reversion, suggesting different loci were affected, and many of the revertants had distinct lipid profiles. The reversion tendency was exploited to derive strains producing T G having different properties ; some of the revertants produced T G with properties similar to cocoa butter (Ykema et al., 1990) . In soybean, stearate desaturase activity in isolated microsomes was unaffected in mutated lines having high-palmitate (Kopka e t al., 1993) or high-stearate (Hui e t al., 1993; Kopka & Jawors ki, 1993) seed oil. The Arabidopsis mutation conferring a high-stearate content has four second-site suppressors (Lightner e t al., 1993) . Desaturation of stearate in diverse organisms thus appears to be affected by mutations at multiple loci, indicating multiple controls for the synthesis of unsaturated fatty acids. A precedent in an animal system is the mammalian stearoyl CoA desaturase, which is regulated by diet, insulin and other factors (Ntambi, 1992) .
Programs designed to tailor T G composition for specific end uses by mutant selection or alteration of lipid biosynthetic genes may encounter unexpected problems in line stability, and stable expression of phenotype may require modification of more than one gene. Additionally, undesirable characteristics may accompany the introduction of desired T G compositional traits. For example, high-palmitate lines of Arabidopsis have shown chilling sensitivity under some growing conditions (Wu e t al., 1993) . Additionally, high-stearate rapeseed lines resulting from anti-sense expression of the stearate desaturase gene have been observed to produce higher levels of very longchain fatty acids (Knutzon et al., 1992) , as do the t f a mutants here (Fig. lb) . Netrospora thus serves as an excellent system for examining fatty acid desaturation and may prove useful for preliminary evaluation of genes regulating desaturation in other organisms, such as higher plants.
